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ABSTRACT

This dissertation presents the measurement of the semi-inclusive cross-sections
for v, and 7,-nucleon deep inelastic scattering interactions with two oppositely
charged muons in the final state. These events dominantly arise from production
of a charm quark during the scattering process. The measurement is obtained
from the analysis of 5102 v, induced and 1458 7, induced events collected with
the NuTeV detector exposed to a sign selected beam at the Fermilab Tevatron.
A leading-order QCD analysis is used to predict charm production cross-section
parameters such as the charm mass m,, strange and anti-strange sea quark prob-
ability distribution functions s(x,¢?), semi-leptonic charm decay branching ratio
B., and charm fragmentation function parameter e. The result is presented as a
nearly model-independent dimuon production cross-section table. I also extract
cross-section measurements from a re-analysis of 5030 v, induced and 1060 7, in-
duced events collected from the exposure of the same detector to a quad-triplet
beam by the CCFR experiment. The resulting cross-section tables are the most
statistically precise measurements of neutrino-induced dimuon production cross-
sections to date. These measurements should be of broad use to phenomenologists
interested in the dynamics of charm production, the strangeness content of the

nucleon, and the CKM matrix element V4.
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Chapter 1

Introduction

Neutrino-nucleon deep inelastic scattering is a very effective way to probe the
structure of the nucleon and to study the dynamics of heavy quark production. The
presented analysis focuses on charm quark production in deep inelastic scattering
of neutrinos and anti-neutrinos off a nucleon. Data sample is based on opposite sign
dimuon events that was obtained by the Fermilab experiment E815 (or NuTeV)
experiment in fixed-target run during 1995-1998 at the Fermi National Accelerator

Laboratory.

Dimuon events primarily come from charged current (CC) production of charm

quarks through the following sub-processes:

vyt (d,s) = p +c+ X (1.1)
< ut+ 0,

U4 (s) = pt+e+ X (1.2)
gl VI ol 29

In Eq.1.1, a neutrino (v,) interacts with a down (d) or strange (s) quark inside



a nucleon and produces a negatively charged muon (1~), a charm quark (c¢), and a
hadron shower (X). The charm quark pairs with an anti-quark (g) from quark sea
forming one of the D mesons. A D meson decays about 10% of the time into p*
and anti-neutrino. In second equation all particles in first one are substituted by
their anti-particles. It is important to point out that in anti-neutrino scattering
almost all dimuon events come from anti-strange quark while in neutrino scattering

only 50% of events are initiated by the strange quark.

Therefore the dimuon data allows to measure the charm quark mass m., nucleon
strange quark probability distribution functions, the fragmentation function that
describes how a charm quark couples with anti-quark to form a charmed hadron,

and the semi-leptonic charm decay branching ratio (B.).

Following this rather terse statement of the physics addressed in this thesis
are several sections that briefly introduce quarks and leptons and forces by which
they interact as a part of the so-called Standard Model. A brief explanation of
deep-inelastic scattering is introduced, as are descriptions of other processes that

have to be dealt with in this analysis.

Chapter 2 provides more detail on neutrino-nucleon scattering and charm pro-
duction. Chapter 3 describes the experimental apparatus. Chapter 4 outlines the
selection criteria used in this analysis. The physics results are presented in chapters

5 and 6.

1.1 Standard Model

All forces in modern physics are described by quantum field theories (QFT). Forces
are mediated by field quanta, the so-called gauge bosons. Currently there are four
known forces: strong, electromagnetic, weak and gravitational. The dynamics of

each force are determined by an underlying gauge symmetry[l]. Their relative

'A condensed version of this thesis has been published in Physics Review D [43].



force relative strength Mediator Participating
fermions
strong 1. gluons (g) quarks
electromagnetic 1/137 photon(v) quarks and
charged leptons
weak 107° Wt 7 all
gravity 10710 [graviton(G)] all

Table 1.1: The fundamental forces

strengths and mediator particles are shown in the Table 1.1. The Standard Model
(SM)[2] is a unified theory of strong, electromagnetic, and weak forces. The strong
force is responsible for short range binding of protons and neutrons within nucleus.
The theory describing the strong force obeys an SU(3)-color symmetry and is
known as Quantum Chromodynamics (QCD)[3, 4]. The strong force is mediated
by gluons. Each quark carries a color charge that can be denoted as red, blue, or
green. Each particle must be color neutral, meaning that it is an SU(3) singlet.
Mesons are particles composed of a quark and an anti-quark. Mesons are color
neutral because an anti-quark has an opposite color as the quark. Baryons are
composed of three quarks or anti-quarks so that the combined color singlet can be

thought of as blue + red + green = white.

The electroweak gauge theory[5, 6], based upon the SU(2) x U(1) symmetry
group, unifies electromagnetic and weak forces. The electromagnetic force obeys a
U(1) charge symmetry and is mediated by massless photons, while the weak force
obeys SU(2) weak isospin symmetry and is mediated by relatively heavy W and
Z bosons. W bosons can carry electric charge of +1 or -1 (in units of the proton
charge); the Z boson has no charge. If an interaction is mediated by a W boson,
it is a charged current interaction (CC). The Z boson is associated with neutral
current (NC) interactions. The combination of electroweak and strong interactions
is now described by the SU(3) x SU(2) x (U1) group in a scheme referred to as
the Standard Model (SM).



QUARKS
electric charge lightest heavier heaviest
+2/3e up (u) charm (c) top (t)
-1/3e down (d) strange (s) bottom (b)
LEPTONS
electric charge lightest heavier heaviest
-le electron (e) muon (/) tau(r)
0 e-neutrino(v,) || p-neutrino(v,) || 7-neutrino(v; )

Table 1.2: The constituents of matter

All elementary particles in the SM are listed in the Tablel.2. All matter on
Earth is build from u and d quarks and electrons. The proton is a combination
of uud quarks and the neutron is a combination of ddu quarks. These u and d
quarks are thus referred to as “valence” quarks. All quark types can also show up
inside a nucleon as a quark-anti-quark quantum fluctuation; in this case, they are

are referred to as “sea” quarks.

The neutrino is a neutral lepton and participates only in weak interactions. The
process described by Eq.1.1 is a weak CC interaction. All neutrino CC interactions
with quarks change flavor (or quark type). For example: if a neutrino strikes a d
quark via W boson exchange, the d quark changes into some other quark that can
be an u, ¢, or t. In nature, the weak flavor eigenstates of quarks that participate
in CC interactions are not the same quantum states as those that form massive
propagating hadrons. The weak eigenstates of the down-like quarks are written as

an admixture of the mass eigenstates of the down-like quarks:

d, Vud Vus Vub d
Vi=| Vea Ves Vo s (1.3)
v Vie Vis Vi b

The matrix in Eq.1.3 is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
The CKM matrix is assumed to be unitary. This implies that there are no flavor-

changing NC interactions, and that, for example, |V,q4|* + |Vea|> + [Via|* = 1.



1.2 Asymptotic Freedom

The SU(3)-color symmetry group (on which QCD is based) is non-Abelian, which
means that the mediators (gluons) are allowed to interact with one another. Each
gluon carries one unit of color and one of anti-color. In terms of color SU(3)
symmetry, there are eight states that form a “color octet”, and one state that
is a “color singlet”. In nature, “free” gluons do not exist; all free particles are
color singlets. Therefore there are only eight gluons, and all of them are color
octets. If a color singlet existed, it could be exchanged between between color
singlets (neutron and proton, for example), giving rise to a long-range force. But
we know that the strong force is of short range. Physically, this leads to the
effect (asymptotic freedom) that the coupling strength decreases as the interacting
particles get closer together (larger |¢?|). This can thought of as the consequence of
the Heisenberg uncertainty principal: the shorter the distance between interacting
particles (smaller interaction time), the higher the energy carried by the mediator
particle. The qualitative explanation is that gluon-gluon interactions produce an

“anti-screening” affect, Fig.1.1.

Figure 1.1: Gluon screening.

In neutrino scattering, if a W boson has high enough squared momentum ?,
it strikes a quark inside a neucleous that is “free”, or not bound to other quarks
(a picture known as the parton model). The strong force that is responsible for

binding quarks is weaker at short distances or, equivalently, large Q2. This property



is referred to as asymptotic freedom and is expressed by the formula

127
(11n —2f) lOg(Q2/A?QC’D) ,

where «; is a strong coupling constant, and Agep is a constant around 200 MeV|[7].

a,(Q*) = (1.4)

n is the number of colors (3 in SM), f is the number of flavors with m?,,., < Q”

(6 in general, 3 at NuTeV).

If Q> > Afcp, the perturbative description of QCD is valid. Otherwise,
asymptotic freedom breaks down, the parton model is no longer valid, and, as
a result, quarks cannot be treated as free particle. In this case QCD becomes non-
perturbative. In NuTeV dimuon events have average Q7;, ~ 21.1 GeV? > A p,
thus it is appropriate to think of a neutrino interacting with a single quark that is

“free”. Therefore perturbative QCD is valid as a theoretical model in the NuTeV

regime.

The coupling strength in QCD behaves in exactly the opposite way as the
coupling strength in QED, which describes electromagnetism. In QED, photons
are the electromagnetic force carriers. A photon is a “QED color singlet”, which
means that it exists as a free particle, and can be exchanged between other color
singlets, giving rise to the long range property of the electromagnetic force. In
QED, the closer interacting particles get together (larger |q|?), the stronger the

force gets.

1.3 Deep Inelastic Scattering

The deep inelastic scattering model assumes that an incoming neutrino interacts
with a single free quark inside the nucleon. In the previous section it is shown that
this is an appropriate assumption for NuTeV CC events. In order for neutrino
scattering to be deeply inelastic, the time of interaction must be small so that the
neutrino exchanges energy only with the struck quark. Therefore there are two

conditions that must be true for interaction to be called deep inelastic:



Figure 1.2: CC diagram vu(v,)N — p~ (uh)X.

Tint ™~ 1/Eu < Tglue, (15)

Q> > Az)CD'

The first expression in Eq.1.6 states that the duration of an interaction must be
much smaller than the time it takes two quarks to exchange a gluon. It amounts to
requiring the neutrino to transfer a high energy. The second equation means that
the momentum transferred by W (W ~) must be much greater than the binding
energy between quarks inside nucleon so that a perturbative QCD treatment can

be applied.

Charged current deep inelastic scattering is illustrated by the Feynmann dia-
gram shown in Fig.1.2. At the primary vertex the muon neutrino emits a W boson
and turns into a muon. The W boson interacts with one of the quarks within the
nucleon at the secondary vertex, changing the quark’s flavor. This quark, along
with the remaining quarks inside nucleon, must quickly combine with other quarks
to create mesons and baryons. In the detector this results in an outgoing muon

and a burst of hadrons as shown in Fig.1.3.
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Figure 1.3: Typical CC event
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Figure 1.4: CC charm production vu(7,)N — p~ (u)X.

1.4 Dimuon production

In the CC interaction shown in Fig.1.2, the W boson could hit d or s quark.
There is a small, but non-zero, probability that d quark will turn into a ¢ . The
probability of an s quark turning into ¢ is close to 1. Since there are no valance
strange quarks, the d valance quark distribution dominates s quarks. As a result,
a charm quark is produced approximately half of a time from d and half of a time
from s quarks. In the case of the anti-neutrino interactions, an anti-charm quark

¢ can come either from d or from 3, only this time both d and 5 quarks are sea
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Figure 1.5: Typical dimuon event

quarks; and, since V., is much bigger than V4, almost all charm production comes

from § quarks.

The dimuon event starts exactly like an ordinary CC event except the W strikes
a s or d quark inside a nucleon turning it into charm quark ¢ . The charm quark
combines with some anti-quark from the quark sea forming a charmed hadron;
either a D° (ci), D (cd), or DI (¢3) meson or a A. (cud) baryon. A charmed
hadron weakly decays approximately 10% of the time into a neutrino and a muon
that carries opposite charge from the first muon. In the detector these events have
a very distinct signature called a dimuon event: two oppositely charged muons
and a hadron shower as shown in Fig.1.5. Muons are easily recognized as the only
particles that can penetrate a substantial distance through the detector steel. The
only other significant source of a signal like that would be from a second muon
produced inside the hadronic shower of an ordinary CC process. This turns out to

be a fairly rare occurrence.

The focus of this analysis is to select dimuon events from a data sample and
compare them to Monte Carlo prediction that uses specific dimuon production
and background models by performing maximum likelihood fit. As a result of the
fit, I extract parameters such as charm quark mass m., shape and absolute value

of strange sea, charm - anti-quark fragmentation, and D meson decay branching



ratio B,.. I also developed a method to “invert” the model so that the result can be
presented in nearly model-independent way that would make testing of different

theories of charm production easy to do.
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Chapter 2

Neutrino-Nucleon Scattering and

Charm Production

Neutrinos are excellent probes for studying the structure of hadrons because they
are structureless and chargeless elementary particles whose electroweak interac-
tions are well understood. Neutrinos are always polarized, and therefor suited for
studies of the helicity dependent dynamics of the nucleon constituents. This is
valuable because the W~ (W) boson couples only to left (right) handed fermions
and right (left) handed anti-fermions. The process of probing nucleon structure
starts with using inclusive charged current data to the measure nucleon’s structure
functions: a complete set of Lorentze scalars that parameterize the structure of the
nucleon. Nucleon structure is associated with partons, QCD’s quarks and gluons.
QCD describes the parton dynamics, and the structure function measurements
provides a determination of the nucleon’s valence and sea quark distributions as

well as the gluon distribution.

Dimuon data, a sub-sample of full charged current sample, provides a determi-
nation of a strange sea quark distribution. Dimuon events are the result of heavy
charm quark production. The NuTeV kinematic region permits to a measurement

of the charm quark mass m.. In order for a charm particle to produce a second
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muon, it must decay; thus, it is possible to measure the semileptonic decay branch-
ing ratio B, or, equivalently, the V,; CKM matrix element, and to study charm
fragmentation models. Leading order QCD (LO) and next-to-leading order QCD

(NLO) treatments of dimuon production are also discussed in this chapter.

2.1 Charged Current Kinematics

Kinematics for a charged current interaction are illustrated on Fig. 2.1.

v, (V)

B

Figure 2.1: Kinematics of Neutrino Nucleon Scattering.

The energy-momentum four-vectors for the incoming neutrino (k), muon at a

primary vertex (k'), target nucleon (p), and hadronic system (p') may be written
k = (E,00FE,), (2.1)
p = (M7 07 07 0)7
k' = (E,,pusinb,cosd,,p,sinb,sind,,p,cosb,),
po= ptag=p+(k-F),
where £, is the energy of the incoming neutrino; E,, 0, and ¢, are the energy,
polar angle, and azimuthal angle of the muon; q is the 4-momentum of the W

boson; and M is the nucleon mass. The following kinematic variables are usually

defined:

Q@ = —¢* = (k= K)* = —m’ +2E,(E, — pucost,), (22)

12



—q¢? Q?

v 2p-q - 2MEpaq’
y = p'q:Ehad
pk Eu,
IS ED/Eca
p-q
= —:Ea7
v M had

where Q? is the squared momentum transferred by the W-boson from the primary
to the secondary vertex, x is the Bjorken scaling variable, y is the inelasticity that
determines what fraction the total initial energy is transferred to the hadrons, and
v is the energy transfered to the hadronic system. In the case of charm production,
z is the ratio of the energy carried by the D-meson to the energy carried by the ¢
quark.

In the case of massless final state quarks, conservation of 4-momentum requires

(EP +q)* ~0, (2.3)

Ep*+q¢*+2-&p-qg~0,
_q2
$=oME ~ Y

where £ is the fraction of the nucleon 4-momentum carried by the struck quark.
If the momentum transferred is much greater than the mass of a struck quark
(—q? > 2%p?), then £ = x. Therefor, z is associated with the momentum carried

by the struck quark for the case of massless quark production.

In charm semi-muonic decay, there is always a neutrino that completely es-
capes detection and can only be accounted for in a Monte Carlo simulation. The
variables given in Eq.2.4 are calculated from quantities that are observed in the
detector (E,,, Epqq,0,) or “visible” quantities which correspond to the “true” vari-

ables defined in Eq.2.2. They appear with a subscript “vis”, and are defined as

Eys = Eu+ Eup + Ep, (2.4)
2s = —mL+2B, Eu - (1—cosfl),
Lois = gzs/(Q - M - Ehad)a

13



Yvis = Ehad/E:/}isa
Ryis = Eu2/(Ehad+Eu2)-

2.2 Charged-Current Cross Section

To derive the neutrino-nucleon scattering differential cross section, one starts with

Fermi’s Golden Rule [4]

2 |M?
do = —dl'—— 2.
o= 2 ME 25)

where @ is the incident neutrino flux, |M|? is the squared scattering amplitude,

and dI" is the density of final states.

The matrix element M factorizes into a product of leptonic and hadronic cur-
rents linked by the W boson, and can be written as
V2G

L+ 32

M = Lag wes, (2.6)

where the convention that a double appearance of an index implies a sum over the

4 space-time dimension. The leptonic tensor is precisely known from the SM to be

Log = a(k)y"(1—s)u(k) (2.7)
= 8(kaky + kpky — gagh - &' F i€apsk™k")

where the last term is negative (positive) for neutrinos (anti-neutrinos).

The hadronic tensor parameterizes the unknown structure of the boson-nucleon
vertex. It can depend only on two independent vectors - p and ¢, and so can be

written as a sum of all possible second-rank tensors formed from p and g¢:

p*p°

Waﬁ = - go‘ﬁWl + M2 W2 - iEa’B’y&p,y(BWg (28)
@, B B B«
qq prq” +pq
+ e Wy + ( e )W5
i(p*q” —p°q*)
+ 2M2 WG?
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where W; are Lorenz scalars that depend on ¢? and p-¢. Contracting Laﬁwaﬂ, dis-
carding terms multiplied by Wy, W5, and W that are proportional to the incident

lepton mass, and using the Jacobian transformation

d?o B OMEz? d%c

"BE T 1Q? dedQ?’ (29)
the differential cross section can be written as a function of z and Q? as
d;ljlzy - 21 (1 ﬂLCTYC%;Q/MVQV)2 (oy" MW: + (2.10)
(1—y— xgg)ng + zy(l — %)VW;),).
Scaling structure functions are introduced via
20F (1,Q%) = 2aMW,(v,Q?), (2.11)

FZ(xaQQ) = VW?(V7Q2)7
Z'Fg(l',QQ) = $VW3(V,Q2),

Finally, in terms of these structure functions, the differential cross section be-

comes
d20_1/(17) G% > (P)
= F 2.12
dedy — 2mx(1+ Q?*/ME)? [xy Lot (2.12)
ryM . Y\ (o
(I-—y-— )FZ()ixy(l——)F3() .

2F 2

This is the master equation of deep inelastic neutrino scattering. It shows that
measurement, of the differential cross section is equivalent to to a measurement of

three structure functions that contain all information about the struck nucleon.

2.3 The Parton Model

In the limit of @* — oo and v — oo, the structure functions F(z, ¢?) remain finite,

and, to first approximation, dependent only on the dimensionless and finite ratio

15



of these two variables, —¢?/2Mwv, which is equal to Bjorken x. This is known as

the Bjorken scaling hypothesis.

In the parton model the nucleon is represented as a collection of free partons.
Each parton is a spin-1/2 (g, q) or spin-1 (g) particle . The incident neutrino carries
spin 1/2. Elastic scattering of point particles depends only on the center of mass
energy and angular momentum of the system. The scattering angle in the center

of mass frame is related to inelasticity y via

1
cos B = % (2.13)

The scattering cross section can be written for the three possible total spin con-

figurations as:

do¥? do™ G:ME,

total spin 0 : = = 2.14
otal spin 0y dy 71+ Q2/M2)? ( )
do"? do”? GLME
total spin 1 : = = il 1—1y)?
orat spin dy dy 7?(1+Q2/M3v)2( 2
doV* do”* 2GAME
total spin 1/2 : = = £ 1—
otal spin 1/ dy dy W(1+Q2/Mv2v)2( 2

where k represents the combination of partons associated with total spin 1/2.
Defining q(z, Q%), q(z,Q?%), k(x,Q?) to be the probability of finding a particle
inside nucleon carrying = fraction of nucleon’s momentum, neutrino scattering

cross section can be written as

Cii;:j;y = [a@) + 7(@) (1~ ) + 2k(2)(1 - y)] (2.15)
Cilafdy = [a(@)(1 = y)* +(x) + 2k(@)(1 - y)] .

Comparing the above expression with Eq.2.12, one can write structure functions

in terms of parton probability distributions (PDF):

20F, = zq(z) +2q(x), (2.16)
Fy = aq(r) +2q(r) + 2k(z),

xF3 = zq(x) — xq(z).
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To leading order in QCD the spin 1/2 cross section is zero. This implies the the

Callan-Gross relationship

20F) — Fy as Q* — oo. (2.17)

2.4 Neutrino Scattering off a Real Target

In NuTeV, neutrinos scatter of an iron target that is a nearly equal mixture of
protons and neutrons. One must rewrite the scattering cross sections to take into

account the fact that protons and neutrons have different intrinsic structure.

Charged current interactions change the flavor of the struck quark, and conser-
vation of charge at the quark vertex limits neutrinos to scatter from d, s, u and
¢ quarks. Anti-neutrinos can scatter from d, 5, v and ¢ quarks. The neutron can
be obtained from the proton by changing all d-type quarks into u-type quarks and
vice-versa, with essentially no change in mass - a principle called isospin invari-
ance. Isospin invariance demands a symmetry between the proton and neutron

light quark densities

Combining all of the above together, one can write parton densities for an isoscalar

nucleon (3 (proton + neutron)) in terms of proton densities as

¢ = %[u(az)+d(m)+25(az)], (2.18)
PN = %[u(x)+d(x)+2c(x)],
= 5 lule) + () + 2(0)]
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(z) + d(x) + 2s(x) + 2¢(2)], (2.19)
(z) + d(z) + 25(x) + 2¢(z)],
v FyN () = wvuy () + wdy (x) 4+ 2vs(x) — 22¢(z),

e FYN(2) = zuy (z) + zdy (z) — 225(z) + 22¢(20).

where uy = v — @ and dy = d — d are the proton’s so-called valence densities that

obey the baryon conservation conditions

/(u —u)dr = 2, (2.20)

2.5 LO QCD Charm Production

At the hadronic vertex a charm quark can be produced only from d and s quarks
in neutrino interactions and from d and 5 quarks in anti-neutrino interaction.
Therefor one writes structure functions, for charm production for zero charm mass,

as

20F) = xFy = |Vcd|2[xu(x) + zd(z)] + |VCS|22xs(x), (2.21)

20F) = —aFY = |Voa|*[zu(x) + 2d(x)] + |Ves[*225(2).

The charm quark mass m. is not negligible compared to the average momentum
transfer Q2 in NuTeV. If a massless quark carrying momentum fraction £p interacts
with a W-boson with momentum ¢ , the 4-momentum conservation requirement

in Eq.2.3 is modified to
(Ep+q)* =m¢ (2.22)
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Solving the above equation for ¢ and neglecting second order terms in M/Q, one

obtains

m2

E=xz(1+ Q—g) (2.23)
The variable £ is known, for historical reasons, as the slow rescaling variable and
should be substituted for x into structure functions on the right-hand side of
Eq.2.21. Substituting Eq.2.21 into Eq.2.12, and switching from = to £ one finally

arrives to the charged current charm production cross-sections

dQO_(VN—wu_) , ,
“agay— = A+ @)Vl +25(€)Ves} (2.24)
xy  Muzy
1— -7 _

x(1—y+ c " 3E ),
d2g(@N—eut) ) B 7
iy = O+ AV 25 Vs
xy Maxy
1 - - .
x(I—y+ © " 3E )
The multiplicative factor 1 —y+ x—g’ — % emerges from keeping terms proportional

to m, and M .

2.6 Next-to-Leading Order Charm Production

Formula 2.24 describes neutrino scattering only from target’s quarks. It corre-
sponds to the Feynmann diagram in Fig.2.2 on the far left. On the same figure, it
is shown that charm can be produced via other higher order processes. Perturba-
tive QCD permits calculation of transition probabilities as a Taylor expansion in

terms of strong coupling constant ag.

The quark-initiated diagram is the lowest order in ag order term and is called
leading order (LO). The rest of the diagrams on Fig.2.2 are of order o% and all
together are called next-to-leading order diagrams (NLO). In NuTeV we observe
the dimuon final state. This means that first the charm quark has to be produced,

after it charm quark has to recombined with one of the anti-quarks turning most
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Figure 2.2: LO and NLO Feynmann diagrams.

(e}

of the time into D-meson, and at the end D-meson has to decay weakly. In LO the
probability of that happening can be factorized and written down as the product of
three different probabilities:production, fragmentation, and decay. In NLO dimuon
production, probability does not factorize and fragmentation must be convoluted

with the charm production cross section.
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Chapter 3

E815 Experimental Apparatus

This chapter describes the NuTeV beamline, detector, and calibration beam.

3.1 The Sign Selected Neutrino Beam

NuTeV uses a beamline constructed in order to enable separate running in neutrino
or anti-neutrino mode. NuTeV’s detector is essentially the same as that used
by a series of earlier neutrino experiments collectively referred to as “CCFR”.
In both experiments neutrinos and anti-neutrinos were produced as the result
of pion (7) and kaon (K') decays, particles produced in collisions of 800 GeV
protons with a beryllium oxide target (BeO) at the Tevatron (Fig.3.1). The BeO
target is chosen because of its thermal and structural properties, and because low-Z
materials are more efficient in producing neutrinos. NuTeV’s beamline features the
Sign-Selected Quadrupole Train (SSQT) shown in Fig.3.2. Dipole magnets were
always set up so that only 7’s and K’s of a particular sign would pass through
the SSQT. Quadrupole magnets then focus the remaining charged particle beam.
Positively charged particles decay into neutrinos while negatively charged particles
decay into anti-neutrinos. This knowledge greatly enhances NuTeV capability

of identifying primary and secondary muons in dimuon events. In v mode the
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contamination of 7 was 7/v = 0.8 x 107, In  mode, the ratio v/v = 4.8 x 1073,

After traveling through the magnets in Fig.3.2 the beam consist of 7’s and
K’s of a particular sign with mean energy of about 250 GeV. These particles
travel through a 320 m decay pipe where approximately 5% of them decay into
a muon and a neutrino (or anti-neutrino). After the decay pipe, a 915 m berm
consisting of iron and earth stops muons from entering the NuTeV detector, leaving
only neutrinos from the primary beam. Some neutrinos actually interact in the
berm producing secondary muons called straight through muons that are used for

alignment and calibration.

The Tevatron sends 10'2 protons to the BeO target in short bursts of 4 ms long
“pings”. The period of time during which neutrinos arrive at NuTeV detector is
called the neutrino, or fast gate. In 60 seconds there are 4 or 5 fast gates. The
remainder of the 60 seconds is called the slow gate, during which calibration data
and cosmic ray events for background studies are recorded in the detector. The

timing of the Tevatron beam is shown in Fig.3.3.

3.2 Lab E Detector

2 across and 28

The NuTeV detector, shown in Fig.3.4, is approximately 3 x 3 m
meters long; it weighs over 1000 tons. The detector consists of two major parts:
the target calorimeter and the toroid muon spectrometer. The muon spectrometer
measures the momentum of muons, and the calorimeter measures the energy of
hadron shower as well as a part of the muon energy deposited by traveling through
the calorimeter, the position of the interaction, and the primary and secondary
muon scattering angles. The calorimeter has a basic repeating structure of an iron

sheet and scintillation counter. Details of the detector can be found in several

places [29].

The energy of hadrons (muons) in the calorimeter is measured by liquid scin-
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tillation counters. A hadron or a muon ionizes particles in the liquid scintillator
which results in emission of a number of photons that are collected and counted
by phototubes positioned at the four corners of the counter. The un-amplified re-
sponse from each phototube is called the low. The combination of all lows from a
counter is amplified by 100 and piped through a discriminator. The discriminator
threshold is set to 150 mV, which is approximately 1/4 of an energy of a minimum
ionizing particle (MIP). The resulting signal is called an s-bit. S-bits are used to
find muons in the detector. Each low is amplified by 10 and sent to an adc counter
as high. Highs are used to define the relationship between muon energy loss and
phototube response, called a MIP (minimum ionizing particle), the standard unit
of energy in the calorimeter. Lows from all counters in the area of the hadron
shower are translated then into hadronic energy. The hadron energy resolution is

measured in test beam data to be

OF 87.4% 4.38 x 1076
— =0.024 .
E © vE © E

The hadron energy scale uncertainty is measured with the testbeam to be 0.5% [29].

(3.1)

The muon energy is measured by the calorimeter (dF/dx) and the muon spec-
trometer (E,sr). When a muon flies through the calorimeter it loses energy that
is measured by translating the response of scintillation counters that are outside
of the hadron shower into deposited energy. Since a muon is a charged particle it
bends when it passes through the toroid. The energy of the muon when it enters
the front face of the toroid (E,ss) is calculated from its curvature. Of course, a
muon also loses some energy when it travels through the toroid. The toroid resolu-

tion, dominated by multiple Coulomb scattering, is measured to be AEE—‘]‘f]f =11%.
N

The dE/dx usually is significantly smaller than E,;; and is known much better

than 11%. The result is that AE]i” = 11%. The muon scale uncertainty is measured
with the testbeam to be 1% [29].

The toroid also provides information about the charge of a muon. The SSQT
always leaves 7m’s or K'’s of a designated sign. Positively charged particles decay

into neutrinos, and negatively charged ones decay into anti-neutrinos. Neutrino
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charged-current interactions have negatively charged muons at the primary vertex
and anti-neutrinos produce positively charged muons. The magnet polarity is
always chosen (focusing mode) so that the muon from primary vertex has a positive
curvature or, in other words, bends inwards in the toroid as is shown in Fig.1.3. In
the case of dimuon production, the secondary muon has the opposite charge from
the primary muon which always has a positive curvature. Thus the identification of
the primary and secondary muons for dimuon events is easy and straightforward.

Measuring one sign is enough.

The toroid consists of three sets of toroid magnets separated from each other
by a set of drift chambers. Drift chambers are responsible for muon track re-
construction. Each chamber region is called a gap. A drift chamber is a device
that measures the position of a charged particle track. It consists of parallel wires
exposed to high electric potential. The charged particle, passing through a drift
chamber, ionizes gas inside it. Electrons, that are the result of the ionization, drift
in the electric field to the charged wire with a constant drift velocity. Their arrival
time permits an accurate calculation of the charged particle’s position in one di-
mension, so two adjacent orthogonal drift chamber planes are used to determine

the x-y position.

At every moment in time, the data acquisition system (DAQ) reads in infor-
mation from all parts of the detector and continuously writes it to the computer
storage device. There are several general event types that might happen in the
detector each resulting in a unique signal pattern. These patterns are recognized
and information is stored under so called “triggers”. All triggers are listed in T